Abbreviations: PS, paradoxical sleep; SWS, slow-wave sleep Despite great efforts to reduce noise, it remains one of the main environmental problems of modern society. 48, 71 This problem emerged during the end of the 20 th century in parallel with the huge development of human activities (airway, railway, and road traffic).
many studies in humans have focused on this problem. Both field and laboratory studies have addressed the relation between environmental noise and sleep disturbances. In human subjects in response to peak noise, K complexes on electroencephalograms are accompanied by increases in heart rate, constriction of peripheral blood vessels, and body movements. 38 This initial and typical reaction is followed by more or less long-lasting encephalomyelographic desynchronization indicative of either lightening of sleep or awakening. 38, 66 In field studies, correlative relations have been established between complaints or awakenings and noise levels from aircraft or road traffic. 59 Recently, Spreng 90 has proposed a physiologic model to link indoor maximal levels of noise with the number of tolerable noise events during an 8-h night period. 38 Noise-induced sleep disturbances clearly also are related to other endogenous factors of noise, such as the predictability and frequency content of noise events, and to exogenous factors such as gender, age, information content of noise, and individual and situational factors. 35, 37, 38, 65 Indeed, noise-induced sleep disturbances increase with age 59, 65, 114 and sensitivity to noise. 20 With the same overnight L Aeq 1 , sleep is more affected by intermittent noises than continuous ones. 20 In addition, sleep disturbances may be linked to the number of noise events. 67 However, there is no real consensus regarding the contribution of each attribute of noise on different sleep stages. 20 In fact, some studies have shown either slow-wave sleep (SWS) 84 and noted that the tones had a stimulating effect on these spikes, accompanied by increases in the duration and number of PS epochs. The same researchers later demonstrated, using similar experimental conditions, a direct stimulating effect of tones on the duration of PS epochs, 4 with no habituation effect. 109 The increase in the duration of PS epochs after tone stimulation was shown to be dependent on activation of the medial pontine reticular formation. 3 Ball and colleagues showed a dose-related effect of tone intensity on the ponto-geniculo-occipital waves elicited in cats. 9 These results were confirmed in 2 human studies 64, 87 and in a study using young and aged rats. 5 Other recent studies in rats yielded more detailed conclusions. Amici and colleagues 1, 2 found that auditory stimulation with repetitive tones (1 kHz during 20 ms every 20 s with different intensities from 50 to 100 dB) induced a significant increase in the duration of PS most important to tone intensity is the unpredictability of noise peak and the pattern of noise especially with its information content, such as the presence of high and ultrasonic frequencies, often present in many laboratory animal rooms.
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The second conclusion regarding sleep and exposure to noise in laboratory animals is that upon chronic exposure to environmental noise, both SWS and PS are altered permanently. 79 Again the unpredictability and pattern of noise events seem to be implicated in these effects. 79 Some human studies have paralleled these findings, showing a stronger and longer deleterious effect of intermittent noise events on sleep compared with those of continuous noise.
20,30,68,101,102
The third conclusion regarding sleep and exposure to noise is that extra-auditory noise effects do not affect all animals equally. Indeed Rabat and colleagues 79, 80 recently showed that under chronic exposure to noise, some rats accumulated a bigger SWS debt with greater fragmentation of the remaining SWS than did other rats. In this work, locomotor reactivity of rats placed in a novel environment, before their exposure to noise, was correlated with both the intensity of SWS debt (a quantitative measure of sleep) and daily decrease of SWS bout duration (a qualitative parameter). Behavioral reactivity to novelty predicted quantitative and qualitative characteristics of SWS disturbances related to environmental noise and reflected the existence of separate psychobiologic profiles (high-reactive versus low-reactive) in rats 27,28 with neurochemical, neuroadaptative, and neuroendocrine characteristics. 44, 51, 57, 75 Interindividual vulnerability to noise-induced sleep alterations may reflect these specific neurochemical and neuroendocrine profiles. Indeed, noise exposure modifies neurochemical transmission in the brain. 6, 55, 56, 99 Furthermore, high-reactive and low-reactive rats showed distinct basal modifications in cholinergic, dopaminergic, and serotoninergic systems in the brain. 44, 75, 100 Some authors previously had suggested interindividual vulnerability in humans to auditory 26 and extra-auditory damage. 10, 11, 20, 49, 114 This last point brings us to the last question addressed in this review: how does noise act on the brain to cause the described sleep disturbances?
An experimental hypothesis to explain how noise disturbs sleep
As a sensory stimulation, noise can induce a wide range of responses that allow the organism to gather information from the source of the stimulation and to develop an adapted behavioral response. Thus noise engages peripheral auditory system and, in a general way, the central nervous system (Figure 1 ).
Lai and colleagues 55,56 demonstrated that when rats were exposed acutely to white noise of low intensity (70 dB), choline recapture in the frontal cortex and hippocampus of rats was increased, but this recapture was decreased with white noise of higher intensity (100 dB).
Choline recapture is a direct reflection of acetylcholine (Ach) transmission. 39, 40, 60 .
In addition, pontine structures, such as the reticular formation and pedunculopontine nucleus, receive auditory input 82 and modulate the cholinergic activities of basal ganglia, limbic, thalamic, and hypothalamic structures, 54,76,89 all of which are implicated in sleep regulation 12, 43 . Cholinergic neurotransmissions in pontine structures and the basal forebrain thus might contribute to disturbing sleep after acute exposure to noise (Figure 1 ). For example, a recent study found that after total sleep deprivation for 6 h, mice null for the dopamine β-hydroxylase gene, which encodes an enzyme involved in the production of norepinephrine in the brain, show a significant increase in acoustic arousal threshold compared with that in wild-type mice 46 . The authors hypothesized that norepinephrinecontaining neurons of the locus coeruleus, one of the wake promoting regions 88 activated by noise, 18 in the knockout mice would be inefficient and thus contribute to imbalance the sleep-wake cycle in favor of sleep 46 . NE therefore may be another neurotransmitter responsible for noise-related sleep disturbances (Figure 1 ). Because noise promotes waking by activating many pontine and brainstem arousal systems, 45, 89 acute sleep disturbances could be due to a temporary and reversible imbalance of sleep neurotransmissions in favor to wakefulness (Figure 1 ). In the situation of chronic noise exposure, this hypothesis is necessary but not sufficient to explain long-lasting sleep disturbances.
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Repetitive or chronic noise exposure induces a neurotropic response with corticosterone secretion. 7, 32, 47 This hormone exerts inhibitory effects on SWS state, 21-23 and sleep-deprived human subjects have elevated levels of glucorticoids. 58 In addition differing corticosterone responses to stressful situations have been related to distinct psychobiological profiles. 27 In a recent work, feedback regulation of the hypothalamo-pituitary-adrenal axis under basal conditions was quite different between high-locomotor-responder-to novelty and low-locomotor-responder-to novelty rats 51 . Further, Rabat and colleagues 79 showed that interindividual vulnerability of SWS to chronic noise exposure were predicted by the psychobiological profile. Taken together these results suggest that, in situations of chronic noise exposure, malfunctioning of hypothalamo-pituitary-adrenal axis could occur and, when accompanied by disruption of sleep-wake neurotransmissions, could be sufficient to induce chronic sleep disturbances and explain interindividual vulnerability. Figure 1 provides a more detailed explanation of how acute and chronic exposure to noise disrupts sleep. Figure 2 presents the flip-flop switch model which highlights the delicacy balance in the regulation of the sleep-wake cycle.
Conclusions, recommendations, and perspectives
Despite the paucity of research, noisy environments, such as those encountered in laboratory animal facilities, 104 Because SWS is intimately linked to both activity of the hypothalamo-pituitaryadrenal axis 94 and of the immune system, 61,69 animals chronically exposed to noisy laboratory animal facilities may develop pathology. 62 To avoid such health problems, managers and veterinarians should ensure that acoustic environment of laboratory facilities does not contain excessive high-frequency noises. These personnel also should ensure that the absolute difference between peak and background levels (delta dB) does not exceed 30 dB.
Future research should verify the accuracy of described hypotheses regarding noiseinduced pathology and identify measures to limit or counteract such consequences.
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